ABSTRACT: This paper documents the development of soil conditions in the set of 32 permanent research plots in the Krkonoše (Giant) Mts. These plots represent an altitudinal gradient covering the ecosystems of beech, mixed beechspruce and spruce stands. In all plots, representing the site conditions of the highest areas of the mountain range, standard soil pits were prepared and the soil sampling was performed in autumn of years 1980, 1993, 1998, 2003 and 2009. The results reflect extreme site conditions, soil acidification, large scale surface liming and in minor extent also different tree species composition of the stands. The general type of the soil-genesis is represented by the podzolisation, overlapping the other soil-genetic factors, including the tree species composition. Nevertheless, this development is mostly expressed in the spruce stands. The beech dominance and/or co-dominance are reflected especially by more efficient N-cycling, higher pH, S and V values and fluctuation and lower extractable Al 3+ content. More efficient cycling in beech ecosystems is insignificantly documented for plant available phosphorus, calcium and magnesium contents; on the contrary higher dynamics for iron ions was registered in the spruce stands. The longterm soil dynamics with a hysteresis (evident on the base of ordination analysis) can be divided into some periods -processes of acidification (typical in the 1980's samples), liming (main effect in 1993 and 1998) and regeneration (2003, 2009). Other features, important for the soil development, are probably related to the vegetation change, but this relation is not statistically significant.
State and dynamics of the soils indicate differentiated effects of the human activities in the landscape. Anthropogenic influences are distinguished as one of pedogenic factors (Šály 1978) , having big importance also in sub-mountain and mountain conditions of the Krkonoše (Giant) Mts. Intensive human impact can be assumed since 13 th century, and is connected with mining and settlement pressure (Lokvenc 1978) . The whole region was heavily deforested for the needs of miners in the 16 th and 17 th century that caused profound change of the species, age and space structure of the forests. Even-aged Norway spruce monocultures became the main form of the forest.
Among other factors, species composition of the forest ecosystem determines the accumulation, transformation and mineralization of the organic matter (humus forms, Green et al. 1993) , by the quantity, quality and chemical as well as bio-chemical composition of the litter. The basic knowledge is summarized in many general publications (e.g. Šály 1988; Klimo 1990; McLaren, Cameron 1996; White 1997; Sumner 2000; Boyle, Powers 2001) . Heavy load by atmospheric pollution in the Krkonoše Mts. region was documented in the 1970s to 1980s, both direct (air pollution) and indirect (acid and other deposition). High input of acid substances represents qualitatively new factor in the soil dynamics of mountain locations. They are assumed to be more sensitive compared to lower altitudes (Meiwes et al. 1986; Hruška, Cienciala 2001; Purdon et al. 2004; Vacek et al. 2007 ). Nitrogen depo-sition is replacing the main problematic pollutant of the last century -sulphur, causing also acidification, but moreover the nutrient balance disruption resulting in lower ecological stability of stands as well as individual trees ). This is caused by the climatic factors, pathogen organisms and synergic effects of changed tree species composition, high atmospheric deposition and site acidification (Hruška, Cienciala 2001) . Introskeletal erosion represents another site disturbing factor on large stony blockfields covered by thick holorganic horizons since 1980s (Šach 1990 ), observed especially after heavy logging.
The dolomitic lime was applied in the dose up to 10 t·ha -1 at three partial doses from 1982 to 1990. The liming was carried out in the high-mountain locations, approximately above 900 m a.s.l. The waterlogged sites and sites with potential introskeletal erosion have been excluded. Aerial liming was used on large areas, representing not only prevention of further degradation, but also potential risk on large clear-cuts, leading to heavy surface humus mineralization (Míchal et al. 1992; .
Aim of the presented study is the evaluation of the state and development of soils in beech, mixed and spruce forests on permanent research plots in the Krkonoše Mts. in the period 1980-2009 and to document ecosystem changes in the respective period.
Two main hypotheses were considered as a basis for more detailed analysis of the data: -There are differences in the behaviour of Norway spruce (Picea abies), beech-spruce-mixed and beech (Fagus sylvatica) stands; -There is dynamics of soil characteristics in the period 1980-2009.
MATERIAL AND METHODS

Permanent plots and soil sampling
In both National Parks (Krkonošský Národní park and Karkonoski Park Narodowy) in total 38 permanent research plots (PRP) were established ( Fig. 1 ; Table 1 ). Research results presented in this issue are based on the observations and analysis on these plots. On the territory of the Czech part of the Krkonoše Mts., there were established 34 permanent research plots (PRP, numbered 1-34) from 5 th to 8 th forest altitudinal zone according to the Czech forest typological school. The analysis of soil development presented in this article is based only on results from 32 PRP (PRP 1-32). Major- (PRP 3 in 1983 , PRP 14 in 1999 , PRP 15 in 1996 , PRP 16 in 1997 , PRP 17 in 1989 , PRP 18 in 1998 , PRP 19 in 2000 , PRP 25 in 1998 , PRP 26 in 1984 ity of them was initiated in year (Vacek, Matějka 1999) . Excemption from this size are listed in Vacek et al. (2010) . The basic soil survey was done in autumn 1980, when soil pits were prepared. Repeated soil sampling and analyses were performed in autumns , 1998 , 2003 , 1995 Podrázský 1996; Vacek et al. 2000; ). The soil pit was always restored within the same place. Standard soil survey methods were applied. Soil samples were taken from particular soil genetic horizons. Particular horizons (L, F and H) were sampled quantitatively by iron frame 25 × 25 cm in 1993 only.
Soil analyses
Soil samples were analyzed in the accredited laboratory of FGMRI (later privatized, using the same methods -detailed description see e.g. Podrázský 1995) in Opočno. From the analyses performed, results of the following ones are presented in this paper: -total organic carbon (C ox ) and nitrogen (N) contents by the Springer-Klee method; -soil reaction as pH in water (pH H 2 O ) and in 1 mol · l -1 solution of KCl (pH KCl ), using 1:2.5 ratio of soil:solution, pH-meter with calomel and glass electrode; -extractable aluminium (Al 3+ ) and hydrogen (H + ) in 1N KCl solution, titration by 0.05 mol·l -1 solution of NaOH to pH 8.2, second sample managed by 3% NaF, difference gives content of Al-ions; -soil adsorption complex characteristics by Kappen:
S -exchangeable base content, T -cation exchange capacity, H -hydrolytical acidity, V -base saturation. S-value is determined in the solution of soil by 0.1 mol·l -1 HCl (soil:solution equal to 1:10-1:5 according to humus content) and after titration by 0.1 mol·l -1 NaOH to pH 4.95, H value in the solution of 1 mol·l -1 CH 3 COONa (2-5 g of soil in 25 ml) after titration 0.1 mol·l -1 NaOH to pH 8.2. T values calculated as S + H and V = S/T; -plant available elements (P, K, Ca, Mg, Fe) content in the 1% citric acid solution. P was determined spectrometrically, potassium by flame photometry, calcium and magnesium by AAS.
Some methods are used very seldom at present, their application was conditioned by the necessity to keep comparable methods of soil-chemical analyses since 1980s.
Data processing
Database of the analytical results within the SoilExplorer software (Matějka 2005 ) was completed by soil-chemistry analytical results and horizon identification parameters. This program is useful to compare selected pair of soil profiles (e.g. two plots or the same plot in two sampling periods).
Some ratios (Al 3+ /T, C ox /N, Ca/Mg and Fe/C ox ) were calculated to indicate important relations in the soil chemical state.
The PCA ordination of all samples was calculated on the basis of following soil features: C ox , total N, pHH 2 O, pH KCl, S, T-S, T, V, available P, K, Ca, Mg and Fe. All horizons and subsets representing five sampling periods were processed together. The ordination results were visualized by the PlotOA program (Matějka 2009 ).
The PCA ordination of the top mineral horizons (A) or comparable samples was used to evaluate basic differences among plots and to describe changes during whole period of investigation .
Hierarchical classification based on result of PCA ordination was selected as basic method to reveal differences between samples because PCA is based on correlation matrix among descriptors to be used. No data standardization is necessary in this case. All ordination coordinates were used as input data. Dynamics of soil changes in the plot were quantified as sum of variances for all ordination coordinates over all periods of sampling and from 1993 to 2009 separately, because first sampling year (1980) appeared to be slightly different in the horizon specification.
The soil data variances were compared with vegetation state and dynamics. Data on phytocoenology was processed in Vacek et al. (2007) . Indices dS and dH on the community dynamics were calculated similarly to Matějka and Málková (2010) .
RESULTS AND DISCUSSION
Basic general description of variability in soil characteristics
General survey of basic soil-chemistry characteristics is presented in Table 2 . Consistency in the maintenance, sampling, and analyses of soil samples is the main problem in the turbulent research environment of the Czech Republic. This is also the reason for neglecting soil holorganic horizons in the year 1993 for purposes of this presentation.
Total organic carbon content
In the beech stands, high fluctuations of the total C content were observed in the upper soil horizons, probably also due to sampling effects in particular terms. This is valid especially for the O (L-F-H, holorganic) horizons. In the A horizons, the stable increase between 1980 and 2003 is observed. The total C content increased in B and C horizons in the period 1980-1993 as possible result of ageing and decaying stands. The state is deviating in stable limits in the period 1993-2009 in the B and C horizons.
In the mixed stands, the dynamics was comparable, as well as the value range in O and A horizons, with decrease in A horizon in 1993. In the lower B and C horizons the contents are higher compared to beech stands, almost double, with an increase in 1980s-1990s and then decrease to the year 2009.
In the spruce stands, the total C content showed similar tendencies, as well as values in the O horizons. The A horizons show relatively stable state in the period 1980-2003, with decrease in the last period. The values are lower compared to stands with beech dominance or significant admixture -this trend is species specific. On the contrary, the total C contents in the B horizons are higher than in pure beech stands, reflecting probably podzolisation processes. Relatively high fluctuations are observed in the C horizon, values are higher compared to beech stands, but lower compared to mixed ones.
Total nitrogen content and C/N ratio
The total N content is highly dependent on the soil organic matter content (Podrázský 1995; Šály 1988) , this was confirmed in general trend also in the presented study. Exception is represented by the year 2009, when the N-content is increasing despite the general trend of total C decrease in O horizons. This can be related to long-term changes in humus quality and to probable consequences of the effects of large-scale liming in the last decades of the 20 th century (Podrázský 2006a, b) . In the holorganic horizons, the contents of the total N are the highest and C ox /N values the lowest in the beech stands, other groups are comparable. Tendency of the highest N (and lowest C ox /N) contents in the beech stands is obvious also in the A horizon, the spruce forests show the lowest values. C ox /N values in the spruce stands are intermedial.
Dominance or co-dominance of spruce increases also the contents of N and C ox /N values in the B and C horizons, in the year 1993 highly. These trends are related to general mineralization and humus transformation processes in the stands with more opened canopy.
Soil reaction and adsorption complex
Soil reaction shows also considerable variation during the study period. In the holorganic horizons, there is insignificant tendency of decrease in the order: beech, mixed, spruce stands and increase in 1980s-1990s and decrease in 1990s and 2000s. This can be related to large scale liming in the late 1980s, despite the fact, that research plots were not an object of direct measures. In the A horizons, the situation (with variations) is very stable during the whole study period. Only in the spruce stand slow increase is more visible, due to more probable liming effects and ground vegetation change related to lower canopy cover. Very similar tendencies are observed also in the B horizons and not distinct trends can be assumed in the C horizons.
During the observation period the extractable Al content is slightly increasing in the O horizons of the beech stands, in other stand sets is stable. In this soil layer, the absolute values are in this order (from the highest to the lowest Al 3+ content): spruce, mixed and beech stands, which corresponds to generally accepted assumption. In the A horizons, in beech and mixed stands the situation is similar, beech stands show lower contents, decrease of the Al ions content is observed in the last period in all investigated stand types. Contrary situation is documented in the B horizons, which can be connected with more pronounced podzolisation in the spruce stands (litter, more extreme sites). In the C horizons, the variation is high, highest values recorded in the year 2009 were in the mixed stands. Extractable H shows continuous decrease; this phenomenon should be studied more in detail.
Content of exchangeable bases (S-values) in the holorganic horizons is the highest in the beech stands, lower in the mixed and the lowest in the pure spruce stands. There is evident decrease in beech stands in the last period of the study, in contrast with stable increase in other forest types. Similar trend was observed in the A and B horizons, despite values lower by one order. Stable state or high variation was documented in the C horizons without obvious trend.
High variation was observed also for the cation exchange capacity (T-value), without visible trends. Certain exception from this general tendency is represented by higher values in holorganic and A horizons of the beech stands, increase of values in the surface humus during the study period.
Dynamics of the base saturation (V-values) can be considered as the most complex indication of the adsorption complex development. Also in this case, the obvious tendencies can not be easily described. In the holorganic horizons, the values are decreasing in order beech, mixed, spruce stands, without changes in the period 1980-2009. Stable state can be considered. In the mineral horizons, the base saturation is supposed to decrease especially in the beech stands, the final state is similar in all forest types, with the exception of higher values in the mixed stands in B and C horizons.
Higher acidity of the spruce sites is documented by higher values of the Al 3+ /T ratio. The values are increasing, going from holorganic to A and B horizons, decreasing again in the C layers. This corresponds with the general pedogenetic trend at all sites -podzolisation.
Plant available nutrients
Plant available phosphorus content increased in the period 1980-1993, which may be caused by the methods of laboratory analyses, despite the fact that the conservation of the analytical procedures was insisted. The values did not show visible time trends later. They were higher in the beech stands in the holorganic horizons and slightly in the horizons A. The P contents were lower in the spruce stands in the C horizons.
Calcium content showed clear effects of the surface liming in the Krkonoše Mts. in the late 1980s. The values increased in the period 1980-1998, later they decreased again, their size decreased from beech through mixed to spruce stands. Very similar trend was documented for the plant available magnesium content. Also the ratio Ca/Mg shows probable effects of the liming of the whole area. There is a peak around the year 1998, quite high variation is observed in other periods.
Clear differences were not observed for the extractable potassium content. Only in the holorganic horizons, the contents were the lowest in the spruce stands, in the mineral horizons, sometimes the tendency of lower contents in the beech stands was obvious. This trend can reflect more pronounced demands of beech (broad-leaved species in general) for bases (Podrázský, Remeš 2008) .
The content of plant extractable iron documents only the most general trend in the soil develop-ment. According to the main soil-genetic process, podzolisation and its clearer pattern in the spruce forests, the contents of this element are higher in the holorganic horizons in the stands with spruce dominance. The A horizons are the mostly leached ones, on the contrary, showing lower Fe contents there, increasing again in the illuviation horizons.
Despite a large number of plots, large time scale and very detailed research, the clear trends in the soil development were not detected. In extreme sites, also under beech, there are quite extreme soils. Only some very general and weekly supported trends were documented, in contrast with other sites and authors (Hruška, Cienciala 2001; Podrázský, Remeš 2007) . Podzolisation is the main soil-genetic trend (Šály 1988; Klimo 1990) , the species composition has less important position. Higher shifts in the soils of beech stands can be ascribed to lower acidity and higher sensitivity of these soils to changes of their characteristics (Meiwes et al. 1986 ).
Multidimensional analyse of data set
Two first axis of the principal component analysis (PCA) describe 47.7% and 20.8% of the total data variability. Approximately three groups of soil variables can be revealed -first group is represented by both active and exchangeable pH, second one contains available nutrients Ca, Mg, K, P and exchangeable base content. The last group with C ox , N and total exchange capacity corresponds to content of organic matter in the sample. Iron shows a different position in the ordination space (Fig. 2) . The ordination space of such distribution of basic soil parameters contains corresponding distribution of individual soil samples. Because the ordination space of all individual samples is not well transparent for high number of samples, position of averages according to the main horizon and stand type was visualized (Fig. 3) . The most varying features of the soils during all periods of sampling are visible in organic horizons (O = L+F+H). The proximity of first (1980) The most distinct second points (1993) of both trajectories are omissible because they were calculated on the base of one or two plots only.
Ordination of the A-horizon soil samples
The PCA ordination was processed with data subset describing upper part of the A horizon (or corresponding horizon below the H horizon). The goal of this analysis is to describe similarities among plots and soil dynamics during observation period. Several samples can not be included into the set because one or more variables were not known. First axis describe 36.3% of the total data variance, second axis corresponds to 15.8% of data variance. The soil variables are not correlated into groups so tightly as in the case of analysis of allhorizon data (Fig. 4) . The samples from ecosystems with spruce, mixed and beech stands are only partly differentiated (Fig. 5) . There are lot of soil samples from all ecosystem types which are very similar in studied soil features.
A shift of soils in the ordination space was well observable in 1993. The confidence ellipses for samples taken in 1980, 2003 and 2009 are closely localized (Fig. 6) . We can speak about a hysteresis in soils during the processes of acidification ( 
Classification of the A-horizon soil samples
Several classification groups (classes) of the A horizon soil samples were distinguished (Fig. 7) . These classes show specific occurrence in some ecosystems and during observation period (Table 3). There is typical position of each class within the ordination space (Fig. 8) .
Second ordination axis partly discriminates soils of the beech-dominated ecosystems with classification groups A, E, I and J (positive values of the ordination coefficients), against soils of the sprucedominated ecosystems with groups B, G, H and K (negative values of the ordination coefficients). For the spruce ecosystems is typical high frequency of the class C (Table 3) .
The first soil sampling (1980) in the spruce dominated ecosystems was marked by high frequency of samples in the classes F and G (Table 3) , the class G is responsible for positioning of the spruce confidence ellipse (Fig. 5) . These classification groups are rare in the next period -after the impact of liming.
The classification group E is of increasing frequency. This group was found in all ecosystem types. Dissimilarity between soils (according to A horizon) in spruce and beech dominated ecosystems probably decreases.
Organic matter accumulation can be characterized by the ratio: available Fe/C ox (Table 4) . Classes H and K are marked by high accumulation of organic matter. They represent peaty soils as a limit of the gradient within the group of spruce-dominated forests. Contrary, the A horizon soil samples from the beech-dominated ecosystems show low accumulation of organic matter. (Fig. 7) ). Soil classification groups are assigned according to Fig. 7 in years 1980 Fig. 7 in years -1993 Fig. 7 in years -1998 Fig. 7 in years -2003 Fig. 7 in years -2009 ; *is used in the case when respective sample was excluded from the analyse (where probable error occurred or some feature was very distinct)
Groups A and I are typical for beech forests, groups H, K, F and G can be found in spruce forests.
Each locality can be described by succeeded sequence of classes of the A horizon samples (Table 5). A transition matrix for changes from one class to another can be constructed from these sequences. Four combinations of the classification classes in the spruce ecosystems represent the most frequent transitions: A → C, B → C, G → B and C → B. First three shifts represent decrease of ordination coordinate along 1 st PCA axis. This change can be related to organic matter mineralization as a consequence of liming and/or soil draining. Table 5 ). Direct re- Fig. 9 . Example of the development of single soil feature (ph KCl ) at plot 17 within whole soil profile, data processed in the SoilExplorer software. Liming was applied in first period (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) var 1993-2009 and r = 0.12 by dH × var [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] . Soil variances do not differ among three groups of forest ecosystems according to dominant tree species (beech, mixed and spruce stands) -F-test for ANOVA by var [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] : F 2.28 = 0.60, P = 0.55. An insignificant dependence of soil variance in time on the vegetation classification (Ward's method, data on herb layer species structure) was observed: the ANOVA F-test was F 5.25 = 0.40, P = 0.85. The lowest soil variance was observed in the ecosystems of spruce or spruce-beech-mixed stands without stand dieback (vegetation group A1). On the contrary, ecosystems of the groups C1 and D with spruce stand, which had been completely damaged in many cases, may have the highest soil variance. If one has taken into account stand dieback only, this factor has no effect on soil variance (F 1.29 = 0.004, P = 0.95).
Possibilities of the result interpretations
Detailed statistical analyse of the results is difficult to unacceptable for several reasons: Soil sampling was carried out in similar manner but not identically. There is considerable spatial heterogeneity in soil stratigraphy, but only one sample was picked up from the plot for each soil horizon. Some methodological mistakes occurred -soil body could be influenced by established pit. Thus, it can result in some changes in water dynamics, aeration in the lower soil horizons etc. Nevertheless, the collected data are still unique and allow the comparison of soil development in the forest ecosystems in the Krkonoše Mts.
The most important changes are bounded with acidification and the air pollution impact during second half of the 20 th century. Liming was applied in this region. Several investigated plots were influenced as shown on the example of the plot 17 (Fig. 9) . This plot belongs to the group of spruce ecosystems with tree layer dieback ) and substantial soil changes (Table 5 ).
No precise categorization of the plots according to the liming influence is known. Effect estimation of liming can be based on change of calcium and magnesium contents in the upper soil horizons between compared years. Indices in the form d = 2 × (x year2 -x year1 )/(x year2 + x year1 ) were calculated for both element content (d Ca , d Mg ) and the year couplets 1980-2003 and 1980-2009 (Fig. 10) . The strong liming effect is evident for plots where both indices are greater than zero for both year couplets. There are 13 plots with such proper- ties: 4 beech-dominated plots (28, 30, 31 and 32) , 2 beech-spruce-mixed plots (6 and 7) and 7 sprucedominated plots (4, 11, 13, 15, 19 23 and 24) . Another approach how to describe soil changes related to acidification was applied in the Jizerské hory Mts. (Slodičák et al. 2005) and in the Krušné hory Mts. (Slodičák et al. 2008) . Both methods are not fully compatible, nevertheless trends in the Krkonoše Mountains are similar to processes in both mentioned regions, mainly in the Jizerské hory Mts. (acidification culminating in 1980s, influence of liming). On the contrary, our results cover only last 30 years of the acidification-regeneration processes. Original situation before 1950 or sooner is unknown. Nevertheless, regeneration of some soil features is obvious. Some parameter changes are probably irreversible. The calcium and magnesium input changes nutrient balances, dynamics of soil organic matter (e.g. increase of mineralization, mainly in surface horizons, more intensive transport or organic compounds to the lower horizons, where C ox has increased). These threats have been confirmed also from other regions (Vavříček 2001) .
CONCLUSIONS
Large and long term research of the soil development in the area of interest, i.e. in the Krkonoše Mts., did not confirm very clear and simple development trends. The general type of the soil-genesis is represented by the podzolisation, overlapping the other soil-genetic factors, including the tree species composition. Nevertheless, this development is mostly expressed in the spruce stands.
Other features, important for the soil development, are changes of canopy cover, tree layer decay on some localities and also the large scale liming, despite the fact that the plots were not primary target areas of this measure.
The beech dominance and/or co-dominance are reflected especially by more efficient N-cycling, higher pH, S and V values and fluctuation and lower extractable Al content. More efficient cycling for beech is insignificantly documented for plant available phosphorus, calcium and magnesium contents, on the contrary higher dynamics for iron ions was registered in the spruce stands.
